Sulfide mineralization in the province of Trento (northeastern Italy) includes various mineral assemblages that are often silver-rich and have been exploited in different phases from the Middle Ages until the 20th century. This study investigates mineralized rocks from three historically important sites (Calisio mount, Erdemolo lake, and the locality of Cinque Valli), providing new analytical data (Inductively Coupled Plasma-Mass Spectrometry on bulk rocks, and Scanning Electron Microscopy on thin sections) that demonstrate that parageneses do not only include galena, chalcopyrite, and sphalerite but also accessory minerals, such as tetrahedrite, tennantite, acanthite, and sulfosalts (matildite/polybasite). This explains the high content of As (up to 278 ppm), Bi (up to 176 ppm), and Sb (up to 691 ppm) that are associated with Pb-Cu-Zn mineralization. Notably, trace-element ratios indicate that, although closely associated from a geographical point of view, the studied sites are not genetically related and have to be referred to in distinct mineralization events, possibly induced by three diverse magmatic and hydrothermal phases that occurred in the Variscan post-orogenic setting. Besides geological and petrogenetic reconstruction, the new data outline potential geochemical risks, as they reveal a high concentration of elements characterized by marked toxicity that can be transferred into the local soil and water. Therefore, future studies should be devoted to better investigating the metal distribution in the surroundings of ancient mining sites and their geochemical behavior during the weathering processes.
Introduction
Sulfide-bearing rocks in the province of Trento (Figure 1 ) in northeastern Italy include Ag-rich Pb-Zn-Cu mineralization. Minerals were extracted at several phases since the Middle Ages, and the activity continued until 1964, when the last mine of the Province (Calceranica) closed. Previous studies on local mineralization [1] generally associated Ag to galena, but detailed geochemical-mineralogical investigations [2] [3] [4] [5] [6] [7] [8] are still lacking in the literature. The purpose of the current contribution is to provide new analytical data (Inductively Coupled Plasma-Mass Spectrometry on bulk rocks and Scanning Electron Microscopy on polished thin sections) on mineralized rocks from three distinct sites, namely, 
Materials and Methods

Geological Outlines
The investigated sites are located in the northeastern sector of the province of Trento (Figure 1) , geologically pertaining to the South-Alpine domain. The outcropping crystalline basement consists of metamorphic rocks (phyllades and mica-schists) and igneous granitic (s.l.) intrusions formed during the Variscan orogeny [9, 10] . The basement is covered by Permian volcanics consisting of ignimbrites, mainly rhyolitic in composition, of the Athesian Volcanic Group [11, 12] , and by Triassic sedimentary rocks [13, 14] , sometimes crosscut by Early Triassic basic dykes [15] .
Sulfide deposits are widespread in the area [16, 17] , as attested by massive veins (dominated by pyrite) within the Variscan metamorphic basement (as observed in Calceranica) that indicate that the pre-metamorphic volcano-sedimentary sequence (i.e., sedimentary protholites) were already enriched in sulfur, possibly in relation to exhalative deposition induced by ore-bearing hydrothermal fluids into an Early Palaeozoic marine basin.
The post-Variscan (Permian) magmatic episodes, characterized by calcalkaline products, and the associated hydrothermal processes remobilized sulfur and metals with the formation of mineralized veins and metasomatic aureolas in the surrounding rock matrices. These occurrences are observed within the lower part of the Athesian Volcanic Group (as observed at the Erdemolo lake site [18]) or at the contact between intrusive igneous rocks and the metamorphic basement (as observed at the Cinque Valli site [19] ). Early Triassic magmatism, attested by dykes having shoshonite affinity, and associated hydrothermal fluids induced further remobilization and additional ore deposits within the sedimentary sequence [1] , as observed in the Werfen formation outcropping at Calisio mount [15] .
Hand-Specimen Description
Photographs of the investigated hand specimens are shown in Figure 2 . Mineralized rocks from the Calisio mount are represented by dark oolitic carbonates, locally crosscut by sulfide-bearing veinlets of gray color (see sample MGC2 in Figure 2a ). Some rocks from Erdemolo lake have a porphyric texture in which large (up to 3-4 cm) aggregates of quartz and feldspar are surrounded by a greenish matrix including millimetric sulfide crystals (Sample MGE3 in Figure 2b ), whereas other samples appear almost totally constituted by sulfides (Sample MGE5 in Figure 2c ). Some rocks from Cinque Valli site have equigranular texture with comparable abundance of silicates (mainly quartz and feldspar) and sulfides (Sample MGV5), whereas others are totally dominated by sulfides, mainly represented by brown sphalerite and grey galena (Sample MGV2 in Figure 2d ). The assumption is that (1) rocks from the Calisio mount were mineralized by a fluid that shortly post-dated the deposition of calcareous rocks; (2) rocks from Erdemolo lake are representative of a metasomatic process in which previous magmatic parageneses were affected by propylitic processes due to late-stage magmatic/hydrothermal fluids; and (3) rocks from Cinque Valli are representative of hydrothermal veins crosscutting the basement in a close relationship with magmatic intrusion. 
Analytical Methods
Bulk rock geochemical analyses were carried out by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) after dissolution. Bulk rock powders (0.15 g) of 7 samples were digested with HF-HNO 3 on a hot plate. Dissolved samples were dried out and then redissolved in ultrapure water obtained from a Milli-Q purifier system (Direct-Q UV, Millipore, Burlington, MA, USA). Analyses were carried out using a X series Thermo-Scientific spectrometer (Thermo, Bremen, Germany). Specific amounts of Rh and Re were added to the analyzed solutions as an internal standard in order to correct the instrument drift. Accuracy and precision, based on replicated analyses of samples and standards were 10% for all elements, well above the detection limit. Bulk-rock analyses were integrated with an in situ investigation carried out by electron microscope (SEM EVO-40 XVP; Carl Zeiss, Oberkochen, Germany) on polished thin sections.
Results
Bulk Rock Analyses
Bulk rock analyses (expressed in ppm) of mineralized rocks from the investigated areas, carried out by ICP-MS, are reported in Table 1 . Ca (from 28.85 to 32.15 wt %), Mg (from 8.56 to 6.76 wt %), Sr (from 63 to 210 ppm), Ba (from 16 to 111 ppm), and Mn (from 6906 to 13,340 ppm) are comparatively high in rocks from the Calisio mount with respect to rocks from the Erdemolo lake and Cinque Valli sites, indicating their carbonate and silicate nature, respectively. Considering silicate-bearing rocks, Al (up to 2.34 wt %), Ca (up to 2.96 wt %), and Mg (up to 0.41 wt %) were enriched in the silicate rocks of Erdemolo lake with respect to those of Cinque Valli, indicating that the silicate fraction contained a significant amount of feldspar (in large white aggregates) and chlorite/amphibole, plausibly concentrated in the greenish matrix. Rocks from the Erdemolo lake also displayed comparative enrichment in P (up to 194 ppm), Ti (up to 220 ppm), V (up to 17 ppm), and Sc (up to 5.2 ppm), as well as Se (up to 61 ppm) and Te (up to 0.8 ppm). This suggests the presence of accessory minerals, such as apatite and oxides, as well as isomorphous substitution between S and Se-Te [20] [21] [22] .
Chalcophile elements of the Calisio mount were dominated by Pb (up to 137,048 ppm), clearly indicating that they mainly contain galena. Rocks from Erdemolo lake could be dominated by Pb (up to 101,981 ppm) or by Cu (up to 191,530 ppm), indicating the prevalence of galena or chalcopyrite. Sphalerite was prevalent only in samples from Cinque Valli that showed high concentration (up to 271,351 ppm) of Zn. The concentration ranges of Ag in the investigated rocks varied between 50 and 142 ppm at the Calisio mount, 51 and 311 ppm at Erdemolo lake, and 69 and 118 ppm at Cinque Valli. Considering that Ag is generally associated with galena, we calculated the kg of Ag for each rock for a ton of galena; it appeared that the grade of Ag was up to 2.2 kg/t at the Calisio mount, up to 3.1 kg/t at the Erdemolo lake, and up to 0.4 kg/t at Cinque Valli.
The new analyses also highlighted a remarkable concentration of other elements, such as As that was up to 278 ppm in the Calisio mount rocks and up to 35 ppm in the Erdemolo lake rocks. Sb was unexpectedly high in rocks from the Calisio mount (up to 670 ppm) and those from Cinque Valli (up to 691 ppm). Cd was also very high in rocks from the Erdemolo lake (up to 409 ppm) and Cinque Valli (up to 737 ppm). Further anomalies are represented by the very high concentrations of Bi (up to 176 ppm) and Sn (up to 111 ppm) that were recorded in rocks from the Erdemolo lake, and the high concentration of Ga (up to 61 ppm) that was typical of rocks from Cinque Valli. Significant amounts (up to 2.7 ppm) of Mo were recorded in rocks from Cinque Valli. These data suggest that the parageneses of these mineralizations are more complex than what is generally known, and that additional accessory minerals have to be present with common sulfides, such as galena, chalcopyrite, and sphalerite. Element ratios provide additional clues to distinguish ores from the distinct sites, as they give the signature of causative metasomatic agents. Accordingly, Figure 3 , where K/Na vs. Fe/Mn, Li/Rb vs. Sr/Ba, Sb/Te vs. As/Se, and Bi/Tl vs. Cd/Sn diagrams are reported, denotes specific (scarcely overlapped) fields for the distinct mining sites. The data confirmed the existence of complex mineralogical associations, so far not described with recent analytical data in the province. In rocks from the Calisio mount, silver did not only appear contained in the prevalent galena (that contain up to 0.5 wt % Ag), but was concentrated in tetrahedrite (up to 8 wt % Ag), a mineral that contains up to 22.7 wt % of Sb. An additional mineral that was recorded in rocks from Calisio mount is tennantite, which contains up to 12.7 wt % As, thus explaining the very high concentration recorded by bulk rock analyses. Tetrahedrite and tennantite formed solid solutions showing continuous variation in the Sb/As vs Ag/Cu diagram of Figure 6 . Notably, tetrahedrite and tennantite are often surrounded by cerussite or copper carbonate, indicating that they are easily affected by alteration (oxidation) in supergene condition [23] . In rocks from the Erdemolo lake, where galena (containing Ag up to 1.9 wt %) and chalcopyrite are dominant, we recorded other peculiar minerals, such as acanthite, i.e., Ag2S (Ag up to 66 wt %) and matildite/polybasite that are Ag-Bi-Sb sulfosalts. Among oxides, cassiterite was observed, and coherently recent literature data [24] indicate that this mineral can host other trace elements that are comparatively enriched in Erdemolo rocks such as Ti, V, and Sc.
The data confirmed the existence of complex mineralogical associations, so far not described with recent analytical data in the province. In rocks from the Calisio mount, silver did not only appear contained in the prevalent galena (that contain up to 0.5 wt % Ag), but was concentrated in tetrahedrite (up to 8 wt % Ag), a mineral that contains up to 22.7 wt % of Sb. An additional mineral that was recorded in rocks from Calisio mount is tennantite, which contains up to 12.7 wt % As, thus explaining the very high concentration recorded by bulk rock analyses. Tetrahedrite and tennantite formed solid solutions showing continuous variation in the Sb/As vs Ag/Cu diagram of Figure 6 . Notably, tetrahedrite and tennantite are often surrounded by cerussite or copper carbonate, indicating that they are easily affected by alteration (oxidation) in supergene condition [23] . In rocks from the Erdemolo lake, where galena (containing Ag up to 1.9 wt %) and chalcopyrite are dominant, we recorded other peculiar minerals, such as acanthite, i.e., Ag 2 S (Ag up to 66 wt %) and matildite/polybasite that are Ag-Bi-Sb sulfosalts. Among oxides, cassiterite was observed, and coherently recent literature data [24] indicate that this mineral can host other trace elements that are comparatively enriched in Erdemolo rocks such as Ti, V, and Sc.
In rocks from Cinque Valli, preliminary analyses only recorded principal sulfides sphalerite and galena (containing Ag up to 0.2 wt %); in these rocks, the anomalous content of Cd, Mo, Ga could be hosted in sphalerite as observed by recent researches [2, 8] , and further investigation is needed to constrain this hypothesis.
Discussion
The investigated sulfide mineralizations are hydrothermal deposits induced by fluids, plausibly related to magmatic phases. Although geographically concentrated within a small area, the trace-element data indicate that mineralization events were distinct and independent. The Cinque Valli rocks were mineralized in connection with the intrusion of calcalkaline granodiorites into the metamorphic basement, and those of Erdemolo lake were mineralized in connection with the emplacement of calcalkaline volcanic rocks, ranging in composition between andesites and rhyolites.
We speculated that mineralization from the Calisio mount, although hosted in sedimentary rocks, is also associated with distal volcanic activity, since coeval shoshonitic dykes were discovered in the surroundings (ca. 10 km from the mineralized zone [15] ). However, although independent, these magmatic phases belong to the same geodynamic post-orogenic framework, as they follow Variscan plate convergence, subduction, and continental collision. In this scenario, mantle sources were variously metasomatized by subduction components that enriched the derived magmas in volatiles (including sulfur) and chalcophile elements, which ultimately released mineralizing fluids in the upper crust [25] .
Silver is often associated with galena, sometimes containing up to 1.9 wt % Ag. These values are high compared with ordinary galena composition [26] , and are recorded in few ore deposits, where tetrahedrite-tennantite (known as minerals of the fahlore group) crystals having notable silver content (known as freibergite) were also observed ( [27] and references therein). The observed high concentration of silver in galena can be explained with the simultaneous enrichment of antimony and/or bismuth because silver can be accommodated in galena as result of coupled substitution with Ag + Sb and/or Ag + Bi for 2 Pb atoms [28, 29] ; however, this elemental substitution of Pb with Ag (Sb, Bi) is inhibited at low temperatures (below 300 • C [29] ).
The record of tetrahedrite-tennantite within the investigated sulfides at the Calisio mount is therefore coherent with the observed wide spectrum of trace elements such as Ag, As, Bi, Sb, and it can be stated that tetrahedrite-tennantite are sulfide analog of amphiboles, suitable for reciprocal solutions [30] [31] [32] . The study of other mineralized areas characterized by significant zoning reveal that Ag-rich minerals of this series generally crystallize in epigenetic conditions from evolved (fractionated) hydrothermal fluids that progressively cooled when migrating from the source zone, which is often related with the emplacement of magmatic bodies [33] [34] [35] . Accordingly, fluid-inclusion studies on these minerals generally indicate genesis by hydrothermal fluids at formation temperatures below 300 • C [36] [37] [38] . However, in our case, textural relationships suggest that tetrahedrite-tennantite could be exsolution products formed during sub-solidus re-equilibration of pre-existing Ag-rich galena during the system cooling (as foreseen by [28] ), and that these minerals become highly reactive in a supergene condition, where they can release their geochemical budget [23] .
Conclusions
Ore deposits of the investigated Trento sites are not only characterized by common base metal sulfides, such as sphalerite, galena, and chalcopyrite, but also contain peculiar accessory minerals that host several trace elements. On the whole, geochemistry rules out the occurrence of a unique mineralization phase, and points to distinct events (plausibly related to the various magmatic phases that affected the area), each of which was characterized by a distinctive trace-element fingerprint.
Noteworthy, the presence of many accessory minerals and the relative geochemical budget could induce geochemical risks, as toxic elements could be transferred to local soil and water.
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